The base-induced propargylation of the dye indigo results in the rapid and unprecedented one-pot synthesis of highly functionalized representatives of the pyrazino[1,2-a:4,3-a′]diindole, pyrido[1,2-a:3,4-b′]diindole and benzo [b]indolo [1,2-h]naphthyridine heterocyclic systems, with the last two reflecting the core skeleton of the anticancer/antiplasmodial marine natural products fascaplysin and homofascaplysins and a ring Bhomologue, respectively. The polycyclic compounds 6-8, whose structures were confirmed through singlecrystal X-ray crystallographic analysis, arise from sequential inter/intramolecular substitution-addition reactions, and in some cases, ring rearrangement reactions. Preliminary studies on controlling the reaction path selectivity, and the potential reaction mechanisms, are also described. Initial biological activity studies with these new heterocyclic derivatives indicated promising in vitro antiplasmodial activity as well as good anticancer activity. The chemistry described is new for the indigo moiety and cascade reactions from this readily available and cheap starting material should be more broadly applicable in the synthesis of additional new heterocyclic systems difficult to access by other means. Preliminary studies on controlling the reaction path selectivity, and the potential reaction mechanisms, are also described. Initial biological activity studies with these new heterocyclic derivatives indicated promising in vitro anti-plasmodial activity as well as good anti-cancer activity. The chemistry described is new for the indigo moiety and cascade reactions from this readily available and cheap starting material should be applicable more broadly in the synthesis of additional new heterocyclic systems difficult to access by other means.
INTRODUCTION
One of the current goals in organic synthesis is the controlled construction of complex molecules, in particular, through the use of cascade reaction sequences.
1 Such molecular explorations, yielding novel architectures, is of particular interest for the investigation of new bioactive agents with possible new modes of action, which could be subsequently elaborated in medicinal chemistry programs. 2 Approaches to the realization of these synthetic goals have often been explored in the context of complex multistep syntheses of natural product targets. 3 Our focus has been on the smaller, though versatile canvas, of the abundant and cheap natural product, indigo 1 (Scheme 1).
There is significant advantage in starting with a readily available advanced precursor like indigo: its reported chemistry is very limited despite the presence of an array of closely positioned functionality in the 2,2´-diindolic unit which allows for cascade reaction paths. It also provides a unique opportunity in providing an advanced starting material for the potential rapid synthesis of the diindolic system of natural products analogs. Such biologically active natural products (e.g. with anti-cancer or antimicrobial activity) include fascaplysin 4 ; homofascaplysin 5 ; iheyamines 6 ; staurosporine 7 To explore our synthetic approach, we initially investigated the base-mediated reactions of indigo with allylic halides, which in the case of allylic bromide resulted in the rapid synthesis of the multicyclic compounds 2 and 3 (Scheme 1). 9 These compounds represent new ring systems with functionality suitable for further elaboration of molecular complexity.
In an extension of this work and in an investigation of reaction directing elements, particularly those modulating nucleophilic-electrophilic reactivities, we have studied the base induced reactions of indigo with the simple alkyne analog, propargyl bromide. New facile routes to the core heterocyclic system of fascaplysin, homofascaplysin and the B-ring homolog of this system were discovered and the results are reported in this paper together with some initial in vitro anti-plasmodial and anti-cancer activity data.
Scheme 1. Allylation of indigo

RESULTS AND DISCUSSION
Synthesis and Structural Elucidation
Our previous experience in the chemistry of indigo 9 revealed that relatively small changes to reaction conditions could have major impacts on the product outcome. Therefore, our attempts at the propargylation of indigo paid particular attention to stringent and repeatable reactions conditions. In this context, a solution of indigo in DMF was generated through sonication for 30 mins at room temperature and then transferred to a septum-equipped flask which contained pre-dried molecular sieves and cesium carbonate under an inert atmosphere. The flask was then plunged into a preheated oil-bath (strictly 85-87 °C) and stirred for 30 mins, followed by the addition of propargyl bromide and the reaction mixture heated at this temperature for 5 mins. Following quenching, a sequence of separations yielded the five new products 4 -8 in a combined yield of 81% (Scheme 2).
Scheme 2.
Base-mediated propargylation of indigo to produce the heterocyclic compounds 4 -8.
Adjacent to each structure is illustrated a solution, highlighting the color.
The expected mono N-substituted indigo derivative (4) was isolated as a deep blue, papery solid in 11% yield after silica-gel column chromatography. Data from the HRESI mass spectrum was consistent with the molecular formula of 4 and was indicative of the addition of one propargyl unit.
H NMR NOE
analysis also confirmed the presence of the expected trans isomer. In a separate reaction, under analogous conditions but with a very short reaction time (<1 min) and a stoichiometric quantity of propargyl bromide, compound 4 could be isolated in a much improved 93% yield (Scheme 3, Step A).
The increased solubility in a range of organic solvents (e.g. THF, CH 2 Cl 2 ) enables this monopropargylated material to be used as a starting material for subsequent reactions, including cyclisations. This increased flexibility in the use of solvents allows for a greater variation in reaction conditions to be used.
Scheme 3. Synthesis of 4 and subsequent conversion to 5
The pyrazinodiindole 5 (Scheme 2) was isolated in 21% yield as a red-burgundy solid. The 1 H NMR spectrum showed singlets at 5.04 and 5.38 ppm, assigned to the exocyclic methylene protons whereas the 13 C NMR spectrum showed 2 peaks at 179.7 and 180.8 ppm, assigned to two non-equivalent carbonyls. Data from the HRESI mass spectrum was supportive of the molecular formula of 5 and was indicative of the addition of one propargyl unit.
The UV-vis spectrum of 5 had a strong adsorption band with a maximum at 324 nm (ε = 13,088). The burgundy color was suggestive that the central double bond of indigo remained intact, with all other indigo derivatives in which this bond had been converted to a single bond appearing as yellow compounds. Simple modelling studies (Spartan, Wavefunction) indicated that compound 5, while planar through the indigo moiety, positioned the hydrogen atoms of the endocyclic methylene group above and below the plane of the molecule with the exocyclic methylene twisted out of the molecule plane. 10 This product 5 can also be synthesized in high yield (98%) by the reaction of 4 in DMF in the presence of Cs 2 CO 3 (Scheme 3, Step B).
The pyridodiindole 6 (Scheme 2) was isolated in 17% yield as yellow-orange crystals. Analysis of the 1 H NMR indicated a peak at 9.62 ppm assigned to the aldehyde proton, and a doublet at 4.79 ppm (J = 6.5 Hz) assigned to the terminal protons of the allene moiety and a singlet at 2.33 assigned to the terminal alkyne proton. The
13
C NMR spectrum showed peaks at 90.4, 208.4 and 80.4 ppm, assigned sequentially to the three allene carbons from the CH. A peak at 195.7 ppm was assigned to the aldehyde. The HRESI mass spectrum of 6 was consistent with a molecular formula of C 25 H 16 N 2 O 2 . The molecular structure was confirmed as 6 by X-ray crystallographic analysis, together with the disposition of the allene group over the pyrido ring rather than pointing away from it (Scheme 2). There is one stereogenic carbon present at C12a, but in the absence of any chiral element during the reaction, the stereochemical outcome was a racemic mixture, as confirmed by optical rotation analysis. The structure of 6 poses interesting mechanistic questions. The addition of three propargyl units is evidenced by the presence of the allene, the N-propargyl unit and the three carbon moiety encompassing the aldehyde, and C6 and C7. Interestingly, this three carbon unit is attached to the indigoyl N at the middle carbon, and not through the propargyl bromide methylene or the terminal alkynic positions.
The major product of the reaction was the benzoindolonaphthyridinone 7 (scheme 2) isolated in 31% yield as a yellow solid which was also highly fluorescent in CH 2 Cl 2 solution with a brilliant yellow color under UV light (365 nm). The 1 H NMR showed two pairs of doublets at 8.01 and 7.33 ppm (J = 7.4 Hz) assigned to H6 and H7 respectively. Two singlets at 2.14 and 2.30 ppm were assigned to the terminal acetylenic protons with the corresponding propargyl methylenes assigned to the doublets at 4.74 and 5.49 ppm (J = 2.4 Hz). A comparative analysis of the NMR and mass spectra indicated that although two substituent propargyl units were present, the molecular ion indicated the addition of three propargyl units, the last being incorporated into a ring (Scheme 2, 7, blue). The structure of 7 was confirmed by X-ray crystallographic analysis. The ring expansion of the indigo 5-membered ring into a 6-membered ring is new chemistry, with the three additional carbons of the indolo[1, 2- h] [1, 7] naphthyridine parent structure being sourced from the additional propargyl unit.
Retrosynthetically, sourcing the C6-C7-C7a moiety from a propargyl unit with the remaining skeleton from indigo isn't intuitive and highlights the novelty of this new chemistry of indigo. The final product, isolated in very low yield (1%), was the yellow benzoindolonaphthyridinone 8 (Scheme 2), with the structure confirmed by single-crystal X-ray analysis.
Color is an important qualitative element in the structural elucidation of these polycyclic compounds.
The disappearance of the blue and emergence of yellow appears to indicate the loss of H-bonding between the indigo carbonyl and the NH, along with loss of unsaturation in the indigo central bond and the presence of either sp 3 hybridised carbon atoms (e.g. 6), or extended fused ring systems e.g.
heterocycles 7 or 8. The mono-N-propargylated 4, with both structural elements still present, maintains the deep blue intensity whereas the cyclized structure 5, which still contains the central double bond but has lost the H-bonding, is a burgundy color (Scheme 2).
Mechanistic and Reaction Discussion
The proposed mechanisms for the propargylation of indigo are summarised in Schemes 4-6 and involve five key pathways. The pyrazinodiindole 5 is derived from the monopropargylated indigo 4 (blue, Path I, Scheme 4, and Scheme 3) after N-deprotonation, followed by delocalisation allowing rotation around the central bond to the cisoid conformation. Subsequent intramolecular nucleophilic addition to the propargyl C2 position yields 5 (Scheme 4). ring-expansion is relief of ring strain of the 7-membered allenic ring -therefore, there is a favourable energy balance between the 7-membered allenic ring formation, and its subsequent role in providing a driving force for ring expansion. An additional crucial component of this step is the presence of an electrophile (E) -the major product arising from the reaction, 7, requires E = H + , whereas the minor product 8 requires E = CO 2 , probably generated, on the basis of the results noted in Table 1 , from carbonic acid decomposition, the acid in turn resulting ultimately from the Cs 2 CO 3 base via bicarbonate (see below for a greater discussion). Once the carboxylate unit is incorporated, a further propargyl moiety could be added via nucleophilic displacement to produce the ester substituent of 8. Subsequent dehydrogenation, followed by base-induced aromatisation allows for O-propargylation in a cascade process, yielding the final products 7 (Path III) and 8 (Path IV)(Scheme 5).
Scheme 5.
Proposed mechanism for formation of 7 and 8.
The addition of a 1-carbon unit is novel and imposes the question as to the origin of this carbon, even though 8 is isolated in very low yield. Two possibilities arise and involve either the well-known degradation of DMF 15 to produce a "C=O" fragment that could be incorporated, or it could arise from the generated bicarbonate anion that is present in the solution. Table 1 summarizes experiments to determine the source of the additional carbon atom in 8. Entry 1 is the standard reaction as previously outlined, whereas entry 2 describes replacing the DMF solvent with DMSO -this resulted in an increase from <1% to a 5% yield suggesting that DMF was not the source of the carboxylate of 8.
Bubbling CO 2 gas through a standard reaction (entry 3) resulted in a 6% yield of 8, however, the most significant outcome from this reaction is the notably reduced yields of 4, 5, 6 and 7, and a dramatic increase in the production of non-characterisable baseline material. This suggests that the presence of significant quantities of electrophiles could be reacting with different indigo-based nucleophiles as they are being generated resulting in mixtures of products. Entry 4 describes the experiment replacing the Cs 2 CO 3 with K 3 PO 4 as base, to eliminate the presence of a bicarbonate source. However, the lack of solubility of this base in DMF is the likely reason for the outcome of mostly unreacted indigo being isolated from the reaction. Path V (Scheme 6) describes a possible mechanism to the allene 6 and diverges from the same intermediate B (red, Scheme 5). In this instance it is the iminium indigo moiety that activates the adjacent carbonyl, allowing sufficient electrophilicity to attract the relatively weak nucleophilic alkyne to undergo a cyclisation reaction, promoted by the initial attack of the other indigo nitrogen lone electron pair onto the propargyl C2 in a concerted process yielding the strained fused-aziridine E. (11%), 7 (25%) and 8 (<1%) with complete consumption of the starting material. The poor return of 5 with respect to 6 -8 suggests that the second N-propargylation is a more competitive reaction than cyclisation, and lends support to our proposed dipropargylated compounds as intermediates.
It is also relevant to compare the mechanistic outcomes of this propargylation reaction with the outcomes of the corresponding allylation reaction (Scheme 1). 9 Although cyclisation onto the indigo carbonyl of the unsaturated moiety occurred in both instances, reaction onto the indigo C2 position to form a spiro compound only occurs in the case of the alkene. There was no evidence suggesting an equivalent mechanism pathway in the presence of the alkyne. Presumably, the linear alkyne is not able to approach the indigo C2 position whereas the 'bent' nature of the alkene makes this cyclisation reasonable. Further, a significant by-product of the allylation reaction (Scheme 1) was N-allylisatin We have also undertaken some simple experiments to ascertain that the reactions are likely to proceed through nucleophilic mechanisms rather than through radical-based sequences. Previous studies have
shown that radical reactions with indigo will proceed exceptionally slowly at room temperature and in 4 hours at 100 °C in the presence of oxygen and with irradiation. 16 In contrast, we have repeated our propargylation reaction (as shown in Scheme 2) in the absence of oxygen and light (under argon) with these conditions realizing the same product outcome after 5 mins of reaction at 86 °C. Radical reactions are unlikely to proceed under these conditions, let alone to produce a total yield of 84% of products in 5 mins of reaction time.
The heterocycles 7 and 8 are analogs of the marine natural products fascaplysin and homofascaplysin (Figure 2 ), initially isolated from the sponge Fascaplysinopsis reticulata and noted for its ATPcompetitive inhibitor of Cdk4/D1 (IC 50 = 0.35 µM) 3, 17 activity. There have been reported syntheses of these natural products including the silver catalysed cascade synthesis of their parent compound and analogs, with this approach involving the initial intermolecular reaction of two components of similar molecular complexity, however, this necessitated the prior synthesis of these two components.
18
The Bring homolog of fascaplysin has also been synthesised starting from 4(1H-indol-1-yl)butanoic acid in a 2 step synthesis in a best yield of 42%. 
Biological Testing
As an initial screen for biological activity, compounds 4 to 7 were subjected to in vitro anti-plasmodial and anti-cancer testing ( Table 2 ). All four compounds revealed notable anti-plasmodial 20 activity against a drug resistant strain in the micromolar range, sufficient for all to be considered lead compounds for further development. µg/mL, 0.85 µM) are an order of magnitude more potent than compounds 6 and 7. In the case of 4, there was also a significant difference between the level of mammalian (Vero) cell toxicity (IC 50 16.26 µg/mL) and anti-plasmodial activity (Table 1) . With respect to the activity against cancer cells 20 , compounds 4 -7 showed notable activity against the NCI-H187 lung cancer and KB-oral cavity cell lines. In particular, 7 was equipotent with the positive control ellipticine. Cytotoxicity 20 studies were particularly interesting for 5 and 6 with the latter being non-cytotoxic to normal mammalian cells but the former was toxic to these cells. Clearly, significant medicinal chemistry studies would need to be undertaken to decrease the toxicity to normal mammalian cells and increase the required selectivity.
However, as a random screening process, all these compounds showed activity that could be considered as new lead compounds for a variety of targets.
CONCLUSION
We have reported here new cascade reactions of indigo via base-mediated propargylation. The resulting shifting of reactivity during each step in the process generates, and then propagates, a cascade reaction, producing a range of poly-heterocyclic compounds in unprecedented outcomes. Some of these compounds also hold promise as leads for the development of new anti-malarial and anti-cancer agents.
The scope for this reaction currently remains untapped, however, these initial studies suggest that the chemistry of indigo has significant potential for further development towards novel polycyclic compounds. The exploration of a variety of reaction types, inclusive of cascade processes, using indigo as a starting material remains an additional exciting area of synthetic chemistry to investigate.
Interestingly, the possibility of using indirubin and isoindigo, as indigo analogs, in comparable cascade reactions remains unexplored and these starting materials also offer possibilities for the generation of new heterocycles in a one-pot process. These studies are currently underway in our laboratories.
EXPERIMENTAL SECTION
General Experimental Information
Reagents and solvents were purchased reagent grade and used without further purification unless 
Structure Determination
Images were measured on a Nonius Kappa CCD diffractometer (MoKa, graphite monochromator,  = 0.71073 Å) and data extracted using the DENZO package. 1 Structure solution was by direct methods (SIR92). 2 The structures of compounds 6, 7 and 8 were refined using the CRYSTALS program package. 3 Atomic coordinates, bond lengths and angles, and displacement parameters for 
